According to the sensorimotor theory of lexicosemantic organization, semantic representations are neurally distributed and anatomically linked to category-specific sensory areas. Previous functional neuroimaging studies have demonstrated category specificity in lexicosemantic representations. However, little evidence is available from word generation paradigms, which provide access to semantic representations while minimizing confounds resulting from low-level perceptual features of stimulus presentation. In this study, 13 healthy young adults underwent fMRI scanning while performing a word generation task, generating exemplars to nine different semantic categories. Each semantic category was assigned to one of three superordinate category types, based upon sensorimotor modalities (visual, motor, somatosensory) presumed to predominate in lexical acquisition. For word generation overall, robust activation was seen in left inferior frontal cortex. Analyses by sensorimotor modality categories yielded activations in brain regions related to perceptual and motor processing: Visual categories activated extrastriate cortex, motor categories activated the intraparietal sulcus and posterior middle temporal cortex, and somatosensory categories activated postcentral and inferior parietal regions. Our results are consistent with the sensorimotor theory, according to which lexicosemantic representations are distributed across brain regions participating in sensorimotor processing associated with the experiential components of lexicosemantic acquisition.
Introduction
A key issue in the field of cognitive neuroscience is how and where word meanings are represented and processed in the brain (Pulvermüller, 1999) . It has been suggested that the neural substrates underlying lexicosemantic representations are associated with regions that were activated at the time of encoding corresponding sensorimotor experiences (Damasio et al., 1996; Wheeler et al., 2000) . In addition to the classic language areas of Broca and Wernicke, researchers have identified several brain regions associated with lexicosemantic processing. In particular, neuroimaging studies have associated lexicosemantic knowledge with cortices known for their participation in motor and sensory/perceptual processing, such as the left motor cortex (Chao and Martin, 2000; Goldberg et al., 2006b; Hauk et al., 2004) , fusiform gyrus and occipital cortex (Chao et al., 1999; Chao et al., 2002; Mechelli et al., 2006; Simmons et al., 2007; Pulvermüller and Hauk, 2006) , and olfactory cortex (Goldberg et al., 2006a, b; Gonzalez et al., 2006 , Simmons et al., 2005 . These sensorimotor activations may be accounted for by the sensorimotor theory of semantic processing (Barsalou, 2008; Martin, 2007) . The sensorimotor theory was first developed from studies of patients with semantic deficits that appear to differentially affect certain categories or classes of objects, in particular animate versus man-made objects. Some patients, for example, show greater picture naming deficits for animals than for other types of objects (Humphreys and Forde, 2001 ). Warrington (1987) proposed that sensory features are important for distinguishing between living items, while action semantics are more important for non-living items, like tools. Therefore, loss of sensory or action knowledge differentially disrupts the semantic representations of living and nonliving items, respectively. According to the sensorimotor theory, semantic information is thus anatomically linked to category-specific sensory areas in the human brain (Martin, 2007) .
Evidence from lesion patients has been more recently complemented by functional neuroimaging studies targeting brain areas specifically involved in the retrieval of concept knowledge belonging to different semantic categories. For example, studies have shown that while processing action/function related meanings, activation was found in left premotor cortex (Chao and Martin, 2000; Chao et al., 2002; Hauk et al., 2004) , left precentral sulcus (Goldberg et al., 2006b) , left precentral and postcentral gyrus (Kemmerer et al., 2007) , and left posterior middle temporal cortex (Chao et al., 1999; Chao et al., 2002; Mechelli et al., 2006; Noppeney et al., 2005) , an area involved in processing non-biological object motion (Beauchamp et al., 2003; Martin et al., 1996) . Studies have also associated processing of animate categories with activations in visual cortices, such as the fusiform gyrus (Chao et al., 2002; Damasio et al., 2004; Devlin et al., 2005; Mechelli et al., 2006) and the superior temporal gyrus (Chao et al., 1999; Tyler et al., 2003) , an area known to be involved in the perception of biological motion (Beauchamp et al., 2003; Pelphrey et al., 2005) .
Both neuropsychological and functional neuroimaging studies have used a variety of tasks to investigate the brain representation of lexicosemantic information. The most common of these tasks are picture naming, generation of verbs to pictures, and pictorial decision. It can be argued that the use of visual stimuli in these tasks either confounds visual effects related to semantic retrieval or reduces the detection of such effects (when control stimuli of equal complexity are used). An additional, more specific concern regarding these tasks is that the perceptual complexity of the stimuli used to prompt semantic processing may differ systematically across categories of objects and may therefore contribute to between-modality differences in performance or brain activation (Devlin et al., 2005; Gerlach, 2007; Tyler et al., 2003) . It is therefore important to rule out perceptual complexity when evaluating data for effects of semantic categories. In task paradigms such as word reading and lexical semantic decision, visual complexity can be controlled, but is still present as a potential issue because in comparisons of visual task and control conditions, semantic effects in visual cortex may be wiped out or underestimated. These confounds can be minimized by using word generation paradigms, which require lexical access and lessen effects related to visual presentation and perceptual complexity.
Thus, word generation paradigms are well suited for use in lexicosemantic studies. In a word generation task, participants can be given a semantic category (e.g., Animals) and can be asked to generate words belonging to this category. This generation process involves retrieval of semantic representations of potential lexical exemplars, evaluation of their appropriateness for the given category, retrieval and execution of phonological and articulatory codes, and maintenance in working memory of the category and generated lexical exemplars (Cardebat et al., 1996; Mummery et al., 1996) . Word generation paradigms have been used by neuropsychologists to assess frontal lobe function (Milner, 1982) and verbal intelligence (Arffa, 2007) , and to investigate cortical areas involved in language processing (Cuenod et al., 1995; Gaillard et al., 2003) . However, few studies have used word generation paradigms to examine category-specific semantic representations. Vitali and colleagues (2005) used a covert word generation paradigm to examine category-specific effects while subjects silently generated animal and tool names. They found tool specific activations in motor cortices, but no activations specific for animals. The study by Vitali et al. had two main limitations. First, participants generated names covertly, therefore no behavioral data were available to verify performance. Secondly, the categories (animals and tools) were used repeatedly and imaging results may have been confounded by practice effects and by repeated generation of identical items.
The current study included a data set, for which results related to word generation modes (overt vs. covert; paced vs. unpaced) have been previously published (Basho et al., 2007) . In the present study, we investigated whether generating words belonging to categories with strong experiential sensorimotor components would activate relevant sensorimotor regions. We used a category driven word generation task to examine category-specific activations during word generation (for a list of categories, see Table 1 ). We predicted that categories with highly salient visual properties (Animals, Colors, Shapes) would activate extrastriate regions, categories related to somatosensory experience (Body parts, Things you eat, Things you drink) would activate postcentral brain regions, and categories with strong motion components (Tools, Sports, Transportation) would activate primary motor or premotor regions, as well as regions associated with the perception of motion, such as superior temporal sulcus and temporoparietal area MT.
Methods

Participants
Participants were 13 healthy right-handed college students ages 21-37 years (M = 25.8 yrs), including four men and nine women, all of whom were native speakers of English. The study was approved by the Internal Review Boards of San Diego State University and University of California San Diego. All participants gave informed consent.
Tasks
Category-driven word generation was implemented using a modification of the traditional verbal fluency task. The paradigm was also designed to examine the brain activation effects of covert and overt speech as well as response pacing (paced, unpaced) (as published separately in Basho et al., 2007) . The Presentation software package (Neurobehavioral Systems, Inc., 2003) was used for stimulus presentation. At the beginning of each task block, a semantic category was given by an auditory instruction (e.g., "Tell me animals"). There were two response modes. In overt conditions participants responded verbally, whereas in covert conditions they generated words without overt speech. In addition, there were two response pacing conditions. In paced versions, participants received a prompt (an exclamation mark presented for 1.5 sec) every three seconds and were instructed to name one exemplar per exclamation mark. Twelve such prompts were presented per experimental block and category. Participants were instructed to say the word "nothing" (overtly or covertly, depending on condition), if they could not think of a new exemplar when prompted. In the unpaced conditions, the exclamation point stayed continuously on the screen for 36 seconds and subjects were instructed to name as many exemplars as possible at their own pace. Similar to the paced versions, subjects were instructed to say the word "nothing" when unable to produce new exemplars, but at their own pace. In the control condition, subjects repeatedly produced the word "nothing." Four functional runs were acquired, one for each generation mode condition of the category-driven word generation paradigm: paced-overt, paced-covert, unpaced-overt and unpaced-covert. The order of functional runs was counterbalanced across subjects. From a total of 16 semantic categories (pseudorandomly distributed across four generation modes) nine categories with strong experiential sensorimotor components were selected for the present study (Table 1) . These nine categories were grouped into three sensorimotor domains (each containing three categories) according to the modality (visual, motor, or somatosensory) predominating the experiential bases of lexical acquisition. Note that the categories subsumed under "motor" included both action and perception-related aspects of movement (see Discussion).
fMRI Scanning
The experiment was conducted using a Varian 3T scanner at the Center for Functional MRI of the University of California, San Diego. Four functional runs were acquired for each subject (144 time points per run, echo time [TE] = 40ms, repetition time [TR] = 2000ms, flip angle = 90 degrees; field of view = 21cm, 64×64 matrix with an in-plane resolution of 3.125mm × 3.125mm, slice thickness =4mm, 32 axial slices). In each functional run, four experimental blocks (42 seconds each) were alternated with four control blocks (28 seconds each), for a total duration of 4 minutes and 48 seconds per run. Four time point volumes at the beginning of each run were discarded to allow magnetization to reach equilibrium. Structural images were sagittally acquired for each subject using a spoiled GRASS sequence (SPGR), with an isotropic voxel dimension of 1mm 3 .
Processing of behavioral data
Overt responses were recorded using a Commander XG MRI-compatible sound system (Resonance Technology, Inc., Northridge, CA), with a microphone attached to headphones worn by the subject during the MR scans. Responses were recorded on a laptop computer using SoundEdit 16 software (Macromedia, Inc., 1995) at a sampling rate of 44.1 kHz. Due to technical problems, recordings were not available for three participants. Recordings were filtered to remove scanner noise and improve intelligibility of vocal responses for the remaining participants, using Audacity (http://audacity.sourceforge.net/). The following filtering approach was adopted: Using the equalizer function we increased signal strength of frequencies <300 Hz and decreased frequencies >400 Hz. This reduced scanner noise considerably. Nonetheless, in two of the ten subjects from whom recordings were available, responses remained unintelligible, probably due to the placement of the microphone (for details see Basho et al., 2007) . Behavioral results were therefore limited to eight participants. Responses were transcribed and scored to exclude any exemplars that were repeated within a category. For each modality, the mean number of exemplars across subjects and categories was calculated.
Image Processing and Analysis
After fieldmap correction for reduction of image distortions, data for each subject were preprocessed using the FMRIB Software Library (Smith et al., 2004) . Functional runs first underwent brain extraction (BET), then image time series were motion corrected (MCFLIRT), registered to the high-resolution structural volume of the individual subject (FLIRT), and spatially smoothed (6 mm Gaussian kernel). General Linear Model (GLM) statistical analyses were performed using Analysis of Functional NeuroImages (AFNI) software (Cox, 1996) to identify word generation effects and generation mode effects (reported in Basho et al., 2007) . Effects of head motion were modeled based on output from motion detection in MCFLIRT and included as 6 orthogonal regressors (3 translations and 3 rotations). Mean displacement in head position was ≤0.1mm (with no significant difference between overt and covert generation; see Basho et al. (2007) for further details).
Category-specific effects were identified by creating GLM contrasts comparing three different sensorimotor modalities (collapsing all 3 categories within each modality) against the control condition (i.e., Visual vs. Control, Motor vs. Control, and Somatosensory vs. Control). All categories with strong modality components were included in the category-specific analysis (Table 1) . Statistical maps for each contrast were normalized to Talairach space (Talairach and Tournoux, 1988) , and fit coefficients were entered into groupwise t-tests. To correct for multiple comparisons, cluster significance was determined by Monte Carlo-type alpha simulation (Forman et al., 1995) . For all comparisons, a corrected significance threshold of p <.05 was used. Peak activation voxels were identified within each activation cluster, and the mean percent signal change was calculated for each peak voxel, participant, and category. Additional t-tests were carried out for percent signal change at each peak voxel for comparison between category types.
Results
Behavioral findings
Based on the data collected from overt word generation blocks, subjects generally performed at high levels across the modality-specific categories. As can be seen in Figure 1 A, means of items generated tended to be higher for somatosensory than for visual and motor categories. Figure 1 B showed that subjects performed at similar levels for visual, motor, and somatosensory categories, although the number of items produced for the category Body parts was slightly higher than those for other categories. In a within subject repeated measures analysis of variance, the factor category did not reach significance (F(8,8) = 3.079, p = 0.066).
Imaging findings
Activations for word generation overall are presented for background reference (Figure 2 panel  A and Table 2 ; for details from a previous analysis in a largely overlapping sample, see Basho et al., 2007) . Activations for word generation overall were seen in the left inferior and middle frontal gyri, left medial frontal gyrus, bilateral anterior cingulate gyri, thalamus, and basal ganglia.
Category-specific effects were found for each of the three sensorimotor modalities (Figure 2 panel C, Figure 3 , and Table 3 ). Visual categories were associated with activations in bilateral lateral occipital cortex and right superior temporal gyrus. For categories in the motor domain, activations were found in the left angular gyrus, left posterior middle temporal gyrus, and right intraparietal sulcus. For somatosensory categories, effects were detected in right postcentral gyrus, left supramarignal gyrus, and bilateral orbital frontal gyrus. Each of these sites showed significant category-specific activations for one modality, but not for the others (Figure 3 panel B, and Table 4), except for some overlap of category-specific activations for motor and somatosensory categories observed in the left middle temporal cortex and temporo-parietal juncture and in right pericentral cortex (Figure 3 panel A) .
Discussion
We examined brain activation patterns associated with category-driven word generation. For word generation overall, patterns of activation were comparable to those in similar studies (Costafreda et al., 2006) . Specifically, portions of the left inferior and middle frontal gyri were activated. These regions are believed to contribute to word retrieval and selection (Thompson-Schill et al., 1997; Kan et al., 2006) , as well as verbal working memory (Braver et al., 1997; Chein et al., 2002) . Additional cortical activation was seen in left anterior cingulate gyrus, which likely reflects the attentional demands of the word generation task (Abrahams et al., 2003; Phelps et al., 1997) . Subcortical activations that occurred in thalamus and basal ganglia were consistent with previous imaging studies showing involvement of these regions in word generation (Crosson et al., 2003) .
When categories were grouped according to modalities predominantly involved in lexical learning and were compared separately to the control condition, each comparison revealed activation in the vicinity of modality-specific sensorimotor cortices. For example, categories in which lexical items were acquired primarily based on visual perception (Colors, Shapes, and Animals) were associated with activation in lateral occipital cortex (area 18) bilaterally, which is part of extrastriate visual cortex (McFadzean et al., 1999; Tanaka, 1996; Tootell et al., 1998) . This is consistent with a previous study showing that retrieval of color information activated regions associated with color perception (Simmons et al., 2007) . Visual categories also activated cortex around the right superior temporal sulcus (STS). The STS has been previously found to activate during the perception of biological motion (as reviewed in Puce and Perrett, 2003) . However, many studies of biological motion perception have reported activation in more posterior portions of STS, compared to the current finding.
Categories with a strong movement component (Sports, Tools, Transportation) were associated with activation in the left posterior middle temporal gyrus, left angular gyrus, and right intraparietal sulcus. The activation peak we found in left angular gyrus was located at a distance of 7mm from area MT+ as defined by a probabilistic cytoarchitectonic map (Eickhoff et al., 2005) -an area known to be crucially involved in motion perception (Grill-Spector and Malach, 2004) . The left posterior middle temporal gyrus has been shown to be associated with action/ function concepts in many studies (Chao et al., 2002; Martin et al., 1995; Noppeney et al., 2005) . Activation in the left angular gyrus has been reported in studies of action planning and understanding (Johnson-Frey et al., 2005) . We also found activation in right intraparietal sulcus. While this region has not been previously reported as associated with motor-related semantic representations, its left homologue has been shown to be activated during naming of tool pictures (Chao and Martin, 2000) . Absence of effects in motor cortex may appear surprising and could be related to inclusion of categories involving strong motion perception components (see below). Note, however, that some other studies examining action-related semantics (Noppeney et al., 2005; Hauk et al., 2008) did not detect significant effects in motor cortex either, similar to our study.
Categories associated with somatosensory and proprioceptive experience (Body parts, Things you drink, Things you eat) activated right postcentral, left supramarginal, and bilateral orbitofrontal gyri. Postcentral gyrus is the location of primary somatosensory cortices. Both postcentral and supramarginal gyri have been shown to be involved in haptic perception (Fabri et al., 2005; Golaszewski et al., 2002; Jones et al., 2007) . It has been further argued that anterior insula, frontal operculum and orbitofrontal cortex are involved in integrating olfactory and gustatory perception (de Araujo et al., 2003; Small et al., 2007; Small and Prescott, 2005) . In particular, orbitofrontal cortex has been shown to be activated during viewing of food pictures (Gonzalez et al., 2006 , Simmons et al., 2005 and judgment of gustatory attributes (Goldberg et al., 2006a, b) .
Our design was based on the predominant impact of specific sensorimotor modalities on given categories. Only categories that were sufficiently "rich" to allow easy generation of words throughout a block of 36 seconds could be used in this fMRI implementation, thus constraining the selection of adequate categories. This prevented us from including the auditory modality in our study because we could not identify three primarily auditory-based categories that fulfilled the above criterion. While a few of our categories (Shapes, Colors) were almost purely unimodal, most of them were only predominantly so. Note that even a category such as Shape, while being heavily based on visual perception, may conceivably contain some somatosensory experiential basis (e.g., what it feels like to touch a triangle versus a circle). We found several small clusters of overlapping effects for motor and somatosensory categories in left middle temporal cortex and temporo-parietal juncture and in right pericentral cortex. This is not unexpected given the close relationship of motor and somatosensory systems, both functionally and with regard to the location of primary cortices. Furthermore, motor categories such as Sports and Tools clearly also relate to proprioceptive and tactile experience, as much as somatosensory categories, such as body parts, may relate to motor experiences and motion perception.
In general, our assignments of individual categories to a modality was thus based on the relative predominance of sensorimotor modality experience during semantic knowledge acquisition. For example, the acquisition of lexical items for the category "Animals" depends heavily on visual components with less prevalent somatosensory and motor components, whereas acquisition of items for "Tools" relies more strongly on motor and functional experience related to acquisition. Somatosensory categories (Body parts, Things you can eat/drink) were selected because pilot behavioral studies had shown that these were sufficiently rich for production of about 10 items in 36 seconds (Basho et al., 2007, and unpublished data) . It is clear that these latter categories are by no means exclusively founded on somatosensory experience: All three of them also rely on visual experience; and the categories "Things you can eat/drink" also incorporate experience from the chemical senses (gustatory, olfactory) that were presumably reflected in orbitofrontal fMRI effects presented above.
The categories attributed to the motor modality related to movement both perceptually and motorically. On the perceptual side, they were based heavily on motion perception, which is typically considered part of the visual system, in particular involving area MT (Grill-Spector and Malach, 2004 ) and the superior temporal sulcus (Puce and Perrett, 2003) . On the motor side, these categories were heavily based on experience of one's own actions, largely controlled by premotor and parietal regions.
Categories considered to belong to the visual modality also varied. "Colors" and "Shapes" related to "early" visual processing, while "Animals" was linked to more complex perception along the ventral stream. Our finding of bilateral activity in extrastriate occipitotemporal cortex could be attributed the two former less complex visual categories. However, since each single category could only be used in a single block to avoid practice effects, the number of time points was too small to examine the effects of each category on its own.
A potential explanation to our category-specific activations is that subjects were engaging in mental imagery during word generation, thus inducing activations in perceptual cortices. A recent study by Hauk and colleagues (2008) addressed the possibility that category-specific activations reflect mental imagery instead of lexicosemantic processing. Using a single word reading test, they showed that category-specific activations negatively correlated with word frequency in fusiform gyrus for vision-related words and middle temporal gyrus for actionrelated words. Word frequency is generally not correlated with mental imagery, but is associated with accessing lexicosemantic information. This study suggests that categoryspecific activations were not induced by mental imagery, but instead reflect lexicosemantic processing.
Our findings overall are consistent with the sensorimotor theory of lexicosemantic organization, according to which lexicosemantic information is grounded in the function of corresponding sensorimotor cortices (Barsalou, 1999 (Barsalou, , 2008 Martin, 2007) . Our category-specific activation results are not only consistent with the sensorimotor theory of lexicosemantic organization, but also consistent with evidence that retrieval of episodic memory information associated with a specific sensory modality activates some of the same brain regions that are involved in the perception of that information (cf., Wheeler et al., 2000) .
The categories we tested were pseudo-randomly assigned to different generation mode conditions (paced/unpaced; covert/overt response); therefore it was unlikely that domainspecific effects were driven by generation mode effects of the paradigm (Basho et al., 2007) . Nonetheless, we inspected the location of category-specific findings in comparison with generation mode findings. As seen in Fig. 2 panel B , generation mode effects occurred in regions that did not overlap with category-specific effects. We can therefore be confident that the category-specific effects reported here were not related to the use of different versions of the word generation task.
An advantage of implementing a task with non-pictorial stimuli for the study of lexicosemantic representation is that perceptual confounds related to the complexity of visual stimuli are minimized. Some researchers have speculated that category-specific activations observed in visual cortices in previous studies were driven by visual processing related to stimulus presentation rather than semantic retrieval (Devlin et al., 2005; Gerlach, 2007; Tyler et al., 2003) . A few previous studies have utilized tasks with minimal visual stimulus presentation such as word reading, lexical decision, or auditory word presentation to study lexicosemantic representations (Hauk et al., 2004; Mechelli et al., 2006; Noppeney et al., 2006; Pulvermüller and Hauk, 2006) . However, in lexical decision or reading tasks, lexicosemantic representations are activated by external stimuli, whereas our word generation task required participants to voluntarily search and retrieve internal lexicosemantic representations. Aside from minimizing perceptual confounds, as discussed above, our word generation paradigm had the advantage of requiring active retrieval of lexicosemantic representations. Cortical activations observed in the present study thus reflected the active process of lexicosemantic retrieval.
We found category-general activations in left lateral frontal cortex across all categories and modalities (Basho et al., 2007) , and category-specific activations in cortices with established sensorimotor and perceptual functions. The category-general activations in left inferior frontal cortex suggest that during word generation, left inferior frontal cortex is involved with the search and retrieval of lexicosemantic knowledge (Kan and Thompson-Schill, 2004; Thompson-Schill, 2003) . In contrast, the category-specific activations in sensorimotor cortices we observed likely reflect the brain representation of lexicosemantic knowledge itself. Our results suggest that lexicosemantic knowledge is at least partially represented in sensorimotor cortices. In particular, our results suggest that vision-based semantic representations involve cortices associated with visual perception, action/function-based semantic representations involve regions associated with movement and motion processing, and semantic representations based on somatosensory, gustatory, and olfactory experiences involve corresponding sensorimotor cortices.
One effective connectivity study found that left lateral frontal cortex was functionally connected with category-specific regions during a semantic fluency task (Vitali et al., 2005) . Specifically, left inferior frontal cortex was functionally connected with left motor cortex and left temporal-parietal junction for generation of tool names, left inferior frontal cortex was functionally connected with visual association cortex for generation of animal names. These connectivity patterns suggest that left frontal cortex retrieves and selects information from category-specific regions during the word generation process.
To summarize, our results show that category-specific activation can be observed in a task that minimizes perceptual input confounds and requires participants to actively engage in lexical retrieval and selection. Further, differentially activated sensorimotor regions seem to reflect the modalities that are predominant during and crucial for word acquisition. These findings strongly suggest that at least some components of lexicosemantic representations are processed in sensorimotor cortices. (A) Clusters of category-specific effects for each modality and regions of overlap between motor and somatosensory categories; all clusters p < .05 (corr.). (B) Percent signal change at peak voxels for each cluster indicated by numbers in panel A. Table 2 Cluster list for word generation effect (across all conditions)
Peak Talairach Coordinates
Cluster Size (µl) Note. All clusters p < .05 corrected.
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